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ABSTRACT 

Mercury ions are one of the most toxic heavy metals and as such they can cause 
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serious risk to the human body and environment ecosystem. To effectively detect and 

remove Hg2+ from contaminated water, a new cellulose-based fluorescent hydrogel 

has been fabricated using a ratiometric probe with carbon dots as energy donor and 

rhodamine moiety as energy acceptor (CDs-Rho). The probe exhibits a sensitive and 

linear response to Hg2+ over a wide range from 0-100 μM with a limit detection of 2.19 

× 10-9 M and exhibits high selectivity for Hg2+ over other cations. In addition, a series 

of cellulose-based fluorescent hydrogel slices containing CDs-Rho are continuously 

prepared using microtomy of a hydrogel, facilitating the large-scale fabrication of 

functionalized hydrogel slices with controlled thickness. The cellulose-based 

CDs-Rho (CCR) hydrogel exhibits good sensitivity and excellent adsorption capacity 

for Hg2+ with ~95% removal efficiency, meeting the requirements for sewage discharge. 

Moreover, the purified water is successfully used for cell culture and animal growth, 

demonstrating excellent biocompatibility. Our approach is expected to offer a novel 

concept for the construction of biocompatible fluorescent hydrogels for the detection of 

various metal ions and removal through simply swapping the current probe with 

suitable replacements for a variety of relevant applications. 

Keywords: Carbon dots; Rhodamine probe; Mercury detection and removal; 

Fluorescent hydrogel; Biocompatibility 

1. Introduction 

In recent years, environmental pollution by toxic heavy metals has become a global 

issue resulting in significant environmental concerns [1-3]. Among these heavy metals, 



mercury (II) is one of the most hazardous elements that are widely released from oil 

refining, mining activity and coal combustion [4-6]. It is well known that mercury ions 

can be transformed into the neurotoxin methylmercury and accumulates in aquatic food 

chains, resulting in significant damage to both human health and the environment [7, 8]. 

Based on World Health Organization (WHO) standard, the maximum contaminant 

level of Hg2+ in wastewater discharge is 5 µg L-1 [9]. Therefore, functional materials 

are urgently required for the selective detection and efficient removal of Hg2+ from 

wastewater (i.e. fluorescent hydrogels). 

Among the various methods for Hg2+ recognition, rhodamine derived probes (Rho) 

have been widely employed due to their excellent optical properties and 

biocompatibility [10-12]. However, rhodamine based fluorescent molecules easily 

aggregate in aqueous media resulting in undesirable aggregation-induced quenching, 

which reduces the efficiency and fidelity for real-time response [13]. Hence, 

functionalization of the probe molecules with a nanomaterial support has been 

successfully employed for establishing an anti-aggregation-caused quenching (AACQ) 

system. While the introduction of the nanomaterial support could solve the above 

problem, most AACQ sensing systems exhibit a single fluorescence signal, which 

could compromise the sensing accuracy [14, 15]. Fluorescence resonance energy 

transfer (FRET)-based ratiometric sensors with two channels can improve the detection 

accuracy by internal calibration of the two emission signals [16-18]. In Addition, 

fluorescent carbon dots (CDs) synthesized from biomass have been exploited owing 



to their excellent water solubility, biocompatibility and chemical stability [19-22]. 

Therefore, fluorescent CDs could be employed as both a solid support and an energy 

donor to connect with rhodamine derivatives to fabricate a ratiometric sensor for 

mercury detection. Furthermore, the CDs can effectively enhance the strength and 

improve the elasticity of the hydrogels [23, 24]. 

Sodium carboxymethyl cellulose based (CMC) hydrogels have become particularly 

popular due to their hydrophilicity, reusability and biocompatibility [25, 26]. The 

unique 3D network structure of hydrogels provides a promising candidate for heavy 

metals adsorption [27, 28]. Recently, many self-assembled hydrogels have been 

developed and investigated [29-32]. These hydrogels have exhibited good 

biocompatibility and mechanical stability, which facilitates future practical applications. 

With our research, we anticipated that the incorporation of a fluorescent sensor could 

further endow the hydrogel with unique sensing capabilities to detect and remove the 

mercury ions simultaneously. Significantly, hydrogel slices can be simply prepared of 

controlled thickness in a scalable manner using continuous microtomy [33]. Based on 

this exquisite strategy, bulk fluorescent hydrogels can be used to prepare sensors with 

different shapes as needed for practical applications. To the best of our knowledge, this 

is the first example where FRET-based ratiometric hydrogel slices prepared using 

continuous microtomy have been used for the recognition and removal of Hg2+. This 

strategy could provide a novel platform for preparing multifunctional fluorescent 

hydrogels for metal ion detection and removal in real applications. 



Herein, we developed a ratiometric nanosensor to detect Hg2+ using CDs as an 

energy donor and Rho as an energy acceptor. The CDs-Rho could achieve real-time 

monitoring of the Hg2+ together with Hg2+ adsorption. Moreover, a novel CMC-based 

fluorescent hydrogel containing CDs-Rho (CCR) was prepared using microtomy of a 

hydrogel (Scheme 1). The as prepared ratiometric hydrogel exhibited high sensitivity 

for the monitoring and removal of Hg2+. The recycling of the CCR hydrogel was also 

confirmed using adsorption-desorption experiments. Furthermore, the purified water 

after CCR hydrogel treatment exhibited low biological toxicity and excellent 

biocompatibility in the cell and animal cultivation experiments. Our approach 

provides a promising strategy towards effective heavy metal ion recognition and 

removal with the advantages of high sensitivity, selectivity, recyclability, and 

biocompatibility.

 

Scheme 1. Schematic illustration of the (a) preparation of CCR hydrogel slices for 

Hg2+ detection and removal; and (b) ratiometric response of the CDs-Rho for the 



detection of Hg2+. 

2. Materials and methods 

2.1. Materials 

Carboxymethylated nanocellulose (C-CNC), sodium carboxymethyl cellulose (CMC, 

50-100 mPa.s), Rhodamine B, hydrazine hydrate, 

N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDC) and 

N-hydroxysuccinimide (NHS) were provided by Sigma-Aldrich. Phosphate buffered 

saline (PBS, pH=6.0) was supplied by Alfa Aesar. Ethanol absolute, nitric acid (HNO3), 

hydrochloric acid (HCl), acrylic acid (AA), acrylamide (AM), ammonium persulfate 

(APS) and N,N’-methylenebis(acrylamide) (MBA) were purchased from Tianjin 

Kermel Reagent Co., Ltd. Mercury acetate (Hg(CH3COO)2), copper nitrate hydrate 

(Cu(NO3)2·3H2O), lead nitrate (Pb(NO3)2), chromium chloride hexahydrate (CrCl3 

6H2O) and cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O) were provided by Aladdin 

Chemical Reagent Co., Ltd. Sodium hydroxide (NaOH) and sodium borohydride were 

obtained from Tianjin Damao Chemical Reagent Factory. Dialysis membranes were 

provided by Green Bird Technology Development Co., Ltd. Deionized water was used 

in all experiments. 

2.2. Instruments 

UV-Vis absorption spectra were recorded using a T6 New Century ultraviolet-visible 

spectrophotometer. Fluorescence spectra of the probes and fluorescent hydrogels were 

measured using a F97Pro fluorescence spectrophotometer. An AFS-933 atomic 

https://www.sciencedirect.com/topics/chemical-engineering/hydrazine


fluorescence photometer was used to trace the mercury ion concentration in solution. 

The concentration of heavy metal ions (< 10 μg/L) was measured using a plasma mass 

spectrometer (ICP-MS, Agilent 7700). The other metal ions (i.e. Pb(II), Cd(II)) were 

analyzed using an AA-6800 flame atomic absorption spectrometer. 

2.3. Synthesis of carbon dots (CDs) 

Carbon dots (CDs) was prepared using a hydrothermal reaction. Initially, a mixture 

of C-CNC (0.9 g) and deionized water (60 mL) were stirred for two hours to obtain a 

homogeneous solution and moved to a Teflon-sealed autoclave (100 mL), and heated at 

190 °C for 6 h. After the reaction, the solution was cooled to room temperature and 

filtered using a 0.22 μm filter membrane to obtain a yellow-brown solution. The 

solution was transferred to a dialysis system for 48 h to obtain the pure CDs. 

2.4. Synthesis of rhodamine 

The rhodamine was prepared following the previously reported method [16]. 2.09 

mmol of Rhodamine B was dissolved in 50 mL absolute ethanol. Then 10 mL hydrazine 

hydrate was added dropwise to the solution and the mixture was heated at refluxed for 

24 h under a nitrogen atmosphere. After being left to cool to room temperature, the 

mixture was concentrated under reduced pressure and most of the solvent was removed. 

Finally, the precipitate was washed with distilled water, and filtered to obtain a pink 

solid 0.8109 g with 85% yield. 1H NMR (500 MHz, DMSO-d6) δ: 7.76 (d, J = 6.5 Hz, 

1H), 7.52-7.42 (m, 2H), 6.98 (d, J = 7.0 Hz, 1H), 6.36 (d, J = 10.3 Hz, 2H), 6.32 (d, J = 

8.6 Hz, 4H), 4.26 (s, 2H), 3.31 (m, 8H), 1.08 (t, J = 6.9 Hz, 12H). 

https://www.sciencedirect.com/topics/chemical-engineering/hydrazine


2.5. Synthesis of CDs-Rho 

50 mg of CDs were dissolved in 80% ethanol (16 mL) for 10 min to obtain the 

homogeneous solution. 0.065 mmol EDC and 0.16 mmol NHS were added and the pH 

adjusted to 7-8 with NaOH and stirred for 30 min. 11.43 mg of rhodamine was then 

added to the above the solution and stirred at room temperature for 24 h. The solution 

was dialyzed to remove unreacted reagents and then dried in a freeze dryer. 

2.6. Synthesis of fluorescent hydrogel 

The fluorescent hydrogels were prepared following the previously published method 

[34]. The detailed procedure was as follows: CMC (0.75 g) was added to 15 mL of an 

aqueous solution and stirred for one hours to obtain a homogeneous solution, and then 

APS (0.15 g) as initiator and 4.5 mL AA (0.15 g AM, 0.05 g MBA) were slowly added 

to the solution under continuous stirring. The solution was then heated and stirred for 2 

h at 50 ℃ to form a hydrogel. The hydrogels were immersed in deionized water for two 

days to remove residual reagents. Subsequently, 50 μg mL-1 of CDs-Rho was added to 

the hydrogel and left for 24 h to obtain the fluorescent hydrogels. Finally, the hydrogels 

were dried using a freeze dryer in preparation for the adsorption experiments. For 

comparison, the CMC hydrogel without CDs-Rho was prepared using the same 

method. 

2.7. Characterization 

Transmission electron microscopic (TEM) images were obtained on a JEM 2100F 

transmission electron microscope at an accelerating voltage of 200 kV. The chemical 



compositions of the samples were examined using a Fourier transform infrared (FT-IR) 

spectrophotometer (Thermo Electron Nicolet iZ10) in the region of 400-4000 cm-1. The 

specific aera of the sample was obtained on a JW-BK122W Brunauer-Emmett-Teller 

(BET) sorptometer. Scanning electron microscopic images (SEM, Hitachi-s4800) were 

captured to characterize the morphology of the synthesized hydrogels. Thermo 

Scientific Ultra Dry SDD Energy-dispersive X-ray spectroscopy (EDS) was conducted 

to analyze the surface elements of the hydrogels. The X-ray photoelectron spectrum 

(XPS) was performed to analyze the chemical composition of hydrogels using a 

Thermo Scientific: ESCALAB250Xi. 1H NMR spectra were recorded on a Bruker 

AV-300 spectrometer with chemical shifts reported in ppm (in DMSO-d6 and CDCl3, 

TMS as internal standard) at room temperature. The mechanical property of hydrogel 

was measured on a UTM2203 mechanical testing machine (Shenzhen Suns Technology 

Stock Co., Ltd). The fluorescence lifetimes of samples were examined using a FS5 

spectrometer (Edinburgh Instruments, UK). 

2.8. Swelling and de-swelling measurements 

The fluorescent aerogel was immersed into deionized water to investigate the 

swelling properties. The swollen hydrogel was then removed and drained using filter 

paper to remove unabsorbed water and weighed using an electronic balance. The 

swelling ratio was calculated as follows: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑊2−𝑊1

𝑊1
                 (1) 

Where W1 and W2 are the weights (g) of the dry aerogel and swollen hydrogel, 



respectively. 

Then, the above equilibrated hydrogel was added to 0.9 wt% NaCl solution for 

measuring the de-swelling properties. The hydrogel was then removed and weighed 

using an electronic balance. The percentage water retention was evaluated as follows: 

𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =  
𝑊4

𝑊3
× 100           (2) 

Where W3 and W4 are the weights (g) of the swollen and de-swollen hydrogel, 

respectively. 

2.9. Fluorescence measurements 

CDs (100 μg mL-1), Rho (10-5 mol L-1), CDs-Rho (50 μg mL-1), and fluorescent 

hydrogel was immersed in target aqueous samples containing different concentration of 

metal ions. Then, the fluorescence spectra of samples were recorded after shaking for 

thirty seconds using a F97Pro Fluorescence Spectrophotometer. For selectivity analysis, 

different metal ion solutions (Pb(II), Cu(II), Cr(III), Cd(II)) were added to the solution 

under the same conditions mentioned above. 

2.10. Adsorption measurements 

Batch adsorption experiments were investigated to explore the adsorption properties 

of Hg2+ onto the fluorescent hydrogel. The adsorption was performed by shaking 50 mg 

hydrogel in 50 mL mercury solution (100 mg mL-1) in a thermostatic shaker bath for 2 h 

at 293 K. The Hg2+ solutions were filtered using a filter with syringes and further 

measured using an AFS-933 atomic fluorescence photometer. 

The effect of various parameters such as initial concentration of the Hg2+ solutions 



(50-500 mg L-1), different contact times (2-240 min) and pH (1-6) was evaluated. The 

equilibrium adsorption capacity (Qe) and the adsorption efficiency (E) were evaluated 

as follows: 

𝑄𝑒 =
(𝐶0−𝐶𝑒)

𝑚
𝑉                        (3) 

𝐸 =
𝐶0−𝐶𝑒

𝐶0
× 100%                   (4) 

Where C0 and Ce are the initial and equilibrium concentrations (mg L-1) of the metal 

ions solution, respectively. V (L) is the volume of solution and m (g) is the weight of the 

adsorbents. 

Adsorption kinetics: 

The efficiency of the absorbent was evaluated from pseudo-first-order and 

pseudo-second-order to understand the mechanism of adsorption on the hydrogel. The 

formulas are as follows [35]: 

Equation of pseudo-first-order kinetics model: 

𝑙𝑛(𝑄𝑒 − 𝑄𝑡) = 𝑙𝑛𝑄𝑒 − 𝑘1𝑡          (5) 

Equation of pseudo-second-order kinetics model: 

𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒
2 +

𝑡

𝑄𝑒
                    (6) 

Where Qe and Qt are the adsorption capacity of the fluorescent hydrogels at 

equilibrium and time t (mg g-1), respectively. k1 (min-1) and k2 (g (mg min)-1) are the 

rate constant for the pseudo-first-order kinetics and pseudo-second-order kinetics. 

Adsorption isotherm: 



The Langmuir and Freundlich isotherm model were used to describe the equilibrium 

data [36, 37]. The saturated monolayer Langmuir isotherm can be expressed as: 

𝑄𝑒 =
𝑄𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                       (7) 

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
                       (8) 

Where Qm (mg∙g-1) is the maximum adsorption capacity on the surface of adsorbate, 

and KL (L∙mg-1) is the Langmuir constant. Ce and C0 (mg∙L-1) are the Hg2+ ions 

concentration in solution at equilibrium and initial, respectively. RL is a dimensionless 

constant. The value of RL indicates the favorability of the adsorption isotherm 

(unfavorable (RL>1), linear (RL=1), favorable (0<RL<1), or irreversible (RL=0)). 

The Freundlich model an empirical equation assuming heterogeneous adsorptive 

energies on the adsorbent surface: 

𝑄𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

                    (9) 

Where KF is the Freundlich constant that represents the quantity of adsorbate 

adsorbed onto the adsorbent for a unit equilibrium concentration, and n is the 

dimensionless exponent of the Freundlich equation indicating the favorability of the 

adsorption process. 

2.11. Recyclability 

The regeneration performance of the hydrogel was analyzed at room temperature. 20 

mg of adsorbents were added into 20 mL of 100 mg L-1 Hg2+ solutions for 2 h. The 

desorption and regeneration of the hydrogel-Hg2+ were performed by immersing 

adsorbents into 20 mL of 1.0 mol L-1 HCl solution under shaking at 293 K for 12 h and 



then washing with DI water. The regenerated hydrogel was then used again for another 

round of adsorption. 

2.12. Cytotoxicity assay 

The cell viability of the purified water was measured on breast cancer cells (4T1 

cells). 4T1 cells were seed in a 96-well plate and cultured for 24 h at 37℃ under 5% 

CO2. Different concentrations of purified water were then added to the 96-well plate 

for a further 12 h culturing. Subsequently, the cells were washed three times with PBS 

solution. The cell viability of the 4T1 cells was then examined using a 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Finally, 

the absorbance of the 4T1 was recorded at 570 nm using a microplate reader. 

2.13. In vivo toxicity assay 

Sixty-day-old C57BL/6J mice were provided by the Beijing Vital River Laboratory 

Animal Technology Co., Ltd. Eighteen mice, containing half male and half female, 

were employed for in vivo experiments. These mice were randomly divided into three 

groups, including a control group, mercuric chloride group and the purified water 

group. The mice of purified water group were intragastrically administered with 0.2 

mL of purified water once daily for 21 consecutive days. The other two groups were 

given equal volumes of HgCl2 solution (500 mg L-1) and physiological salt (0.9% 

NaCl) as a control. During the experimental period, the body weight of the mice was 

measured twice a week for a total of 21 days. Subsequently, the mice were sacrificed 

and fixed by perfusion with 4% paraformaldehyde. The sections of spinal cord, liver 



and kidney were taken and embedded in paraffin. The tissues were then cut and 

stained with hematoxylin and eosin (H&E) for histological examination. The stained 

tissues were observed under an optical microscope. All the animal experiments were 

in compliance with the guidance of the Management of experimental animals 

formulated by the Ministry of Science and Technology of the People’s Republic of 

China and the internationally accepted regulations issued by the National Institutes of 

Health. 

3. Results and discussion 

3.1. Fabrication and characterization of the CDs and fluorescent hydrogels 

 

Fig. 1. Surface characterization of samples. (a) TEM images of CDs; (b) FTIR spectra 

of CDs, Rho, and CDs-Rho; (c) XPS spectra of wide scan, C 1s and N 1s for the CDs 



and CDs-Rho; (d) The images of bulk hydrogel and slices of the hydrogel; (e) SEM 

and mapping images of CCR hydrogel; (f) FTIR spectra of CMC and CCR hydrogel; 

(g-i) XPS spectra of wide scan, N 1s, C 1s and O 1s for the CCR hydrogel. 

The fluorescent CDs with rich hydroxyl groups were prepared by hydrothermal 

treatment. As shown in Fig. 1a, the TEM image indicated that the CDs were 

well-dispersed with a diameter of about 1.85 ± 0.02 nm. The FTIR spectra of the CDs, 

Rho and CDs-Rho are shown in Fig. 1b. For comparison, the typical peaks of CDs-Rho 

at 1698, 1609 and 1118 cm-1 are ascribed to the C=O, N-H and C-N stretching 

vibrations, indicating an amide bond forming reaction between CDs and Rho. The 

elemental composition and surface analysis for the CDs and CDs-Rho were further 

investigated using XPS. In Fig. 1c, C, O and N elements can be found, which further 

confirms the reaction between CDs and Rho. According to the C 1s spectra, the peaks 

at 288.3, 286.2 and 284.7 eV on the CDs are attributed to the C=O, C-O and C-C, 

confirming the presence of abundant carboxy and hydroxyl functional groups. After 

Rho was attached, the peaks are slightly shifted to the 288.1, 285.5 and 284.7 eV, 

respectively, which was ascribed to the N-C=O, C-N and C-C groups [38]. In addition 

the high-resolution O 1s spectrum exhibited a shift from 532.4 to 532.1 eV after the 

amide reaction (Figure S2). For the N 1s, there are approximately three peaks at 400.9, 

399.9 and 399.2 eV, corresponding to the C-N, -NH2 and -NH- group. These XPS 

results further indicate that the CDs were successfully surface modified with Rho, 

which was consistent with results from the FT-IR analysis. Subsequently, the 



fluorescent hydrogel was prepared using CMC hydrogel and CDs-Rho facilitated by 

hydrogen bond driven assembly (Fig. 1d). The CMC hydrogel provided the natural 

skeleton which was crosslinked with acrylamide (AM) via free radical polymerization 

to construct strong 3D networked structures, which were then soaked with CDs-Rho 

solution to fabricate a fluorescent hydrogel. In addition, the thickness of fluorescent 

hydrogel can be controlled and adjusted. In this paper, the fluorescent hydrogel slices 

with a thickness of 1 µm were prepared for the recognition and removal of the Hg2+. 

The specific surface area of the CCR hydrogel was found to be 3.28 m2 g-1. The 

morphology of the fluorescence hydrogels was observed using a scanning electron 

microscope (SEM) (Fig. 1e). The SEM images revealed that the smart hydrogel 

exhibits a three-dimensional network structure, which is crucial for the adsorption and 

detection of mercury ions. The Fourier transform infrared spectroscopy (FT-IR) and 

X-ray photoelectron spectroscopy (XPS) of samples were investigated to further 

understand the CCR hydrogel structure. Fig. 1f shows the FTIR spectra of the CMC 

and CCR hydrogel. For the CMC and CCR hydrogel, the peaks at ~2934 cm-1 may be 

ascribed to the C-H stretching vibrations. The strong peaks at ~1702 cm-1 was assigned 

to the stretching of C=O groups from CMC, PAA, PAM and CDs. Moreover, a new 

peak at 1549 cm-1 was attributed to the N-H stretching vibrations of the -CONH bond, 

which indicates the existence of nitrogen functional groups in the CCR hydrogel. In the 

XPS spectrum of the CCR hydrogel, the three peaks at 284.8, 532.4 and 399.9 eV were 

assigned to C, O and N elements, respectively (Fig. 1g). The high-resolution spectrum 



of N 1 s of the CCR hydrogel exhibited two peaks at 401.5 and 399.8 eV attributed to 

-NH
+ 

3  and -NH2/-NH-, which could provide abundant binding sites for adsorption 

(Fig. 1h). The C 1s was divided into three peaks, centered at 288.8, 285.8 and 284.7 

eV, corresponding to the C=O, C-N, C-C and C=C groups (Fig. 1i). The O 1s at 532.2 

eV could be considered to the carboxyl group, which also contributes to the 

adsorption performance (Fig. 1i). In addition, the swelling and de-swelling properties 

of CCR hydrogel were measured to investigate their water retention properties. In 

Figure S3a, it can be found that the swelling ratio increased and reached equilibrium 

after 38 h. The dynamic deswelling performance of the CCR hydrogel are given in 

Figure S3b. The water retention of the CCR hydrogel decreased during the first 14 h 

and gradually reached equilibrium after about 47 h. These results suggest that the 

CCR hydrogel exhibits good swelling capacity and water retention. The mechanical 

properties of the CCR hydrogel are important for practical applications. In Figure S4a, 

it can be seen that the tensile strength, elastic modulus, and fracture elongation of the 

hydrogel were 0.05 MPa, 0.15 MPa and 64.65%, respectively. The compression 

strength and compressive modulus of the hydrogel was 1.14 MPa and 4.64 MPa, 

respectively (Figure S4b). After eight consecutive compressions, the compressive 

strength of the hydrogel was almost unchanged, demonstrating an outstanding fatigue 

resistance (Figure S4c). Such results indicate that the hydrogel possessed a good 

mechanical stability. 

3.2. Fluorescence sensing of Hg2+ 



 

Fig. 2. Fluorescence properties of different samples. (a) Normalized absorbance and 

intensity of CDs (Insert: Images of CDs under visible and 365 nm UV lamp 

respectively.); (b) Fluorescence intensity of CDs (100 μg mL-1) in aqueous solution 

upon addition of Hg2+ (λex = 360 nm); (c) Fluorescence intensity of Rho (10-5 mol L-1) 

in ethanol solution upon addition of Hg2+ (λex = 500 nm); (d) Fluorescence intensity of 

CDs-Rho (50 µg mL-1) in 25% ethanol solution upon addition of Hg2+ (λex = 360 nm); 

(e) The ratios (I591/I437) of CDs-Rho (50 µg mL-1) upon addition of various metal ions 

(100 μM) (λex = 360 nm) (Insert: Fluorescence emission spectra of CDs-Rho upon 

addition of various metal ions); (f) Fluorescence emission spectra of the CCR hydrogel 

in ethanol solution with the addition of Hg2+ (0-400 μM) (λex = 360 nm). 

The fluorescence behavior of the synthesized CDs was investigated using UV-vis 

and fluorescence spectroscopy. As shown in Fig. 2a, the spectra of the CDs exhibited a 

UV-visible absorption band at 280 nm and a fluorescence emission peak at 437 nm. 

Additionally, the CDs were found to exhibit a blue fluorescence under a UV lamp. In 

addition, the CDs were excitation wavelength independent (Figure S5a). The 



fluorescence emission of the CDs red-shifts from 430 nm to 544 nm as the excitation 

wavelength varies from 320 to 500 nm in 20 nm increments owing to its surface states 

and broad size distributions [39]. This behavior could be used to provide appropriate 

excitation wavelengths to match a specific probe. In order to understand the Hg2+ 

recognition behavior, the fluorescence spectrum of CDs was investigated. Upon 

addition of Hg2+ ions, a large decrease in fluorescence intensity was observed (Fig. 2b). 

Such a quenching effect can be ascribed to the chelation and electron transfer between 

Hg2+ and the functional groups, such as carboxyl on the surface of the CDs [40-43]. 

The CDs also exhibited a linear relationship between the I0/I and the concentration of 

Hg2+ (0~160 µM) (Figure S5b). Subsequently, the effect of pH on Hg2+
 recognition was 

examined, a slight influence over a range from 4 to 6 was observed (Figure S5c). 

Additionally, the fluorescence intensity of CDs with different coexisting metal ions 

were evaluated to investigate the selectivity for Hg2+ (Figure S5d). Compared to other 

metal ions, only the addition of Hg2+ exhibits significant quenching effect on the CDs. 

However, using a single fluorescence signal can result in reduced sensing efficiency. 

Therefore, in order to solve the problem, Rho was used to develop a ratiometric sensor. 

As shown in Fig. 2c, the Rho exhibited enhanced fluorescence emission in the 

presence of Hg2+ based on spirolactam ring opening, which further indicated the 

feasibility for the detection of the Hg2+. A ratiomatric sensor was synthesized by 

linking CDs as the energy donors and Rho as the energy acceptors using an amide 

bond. To get insight into the fluorescent performance for mercury ions, fluorescence 



titrations towards Hg2+ were investigated. Upon the addition of Hg2+ over a range from 

0 to 100 µM, a decrease in fluorescence at 437 nm and a significant enhanced 

emission at 591 nm was observed (Fig. 2d), exhibiting a satisfactory linear 

relationship between I591/I437 and Hg2+, as shown in Figure S5e. The detection limit for 

CDs-Rho was estimated to be 2.19 × 10-9 M ((LOD = 3δ/k, δ is the standard deviation 

of the blank samples, and k is the slope), which is well below the minimum standard 

required for Hg2+ in industrial wastewater. The spectral changes observed are the result 

of the Hg2+ induced spirolactam ring-opening of rhodamine through interaction with 

Hg2+
 ions, which results in a spectral overlap between the donor CDs and the 

ring-opened rhodamine acceptor [44, 45]. To further explain the mechanism, we 

investigated the UV spectra of Rho and fluorescence lifetime of the CDs, CDs-Rho, and 

CDs-Rho with the addition of Hg2+. From Figure S6, a spectral overlap is observed 

between the CDs emission and Rho spectra in the range of 480-550 nm. Therefore, the 

fluorescence lifetime of the CDs, CDs-Rho, and CDs-Rho with Hg2+ addition was 

measured under excitation at 375 nm. The fluorescence lifetimes of the CDs, CDs-Rho 

and CDs-Rho with the addition of Hg2+ were calculated to be 5.80, 4.92 and 4.82 ns at 

505 nm (Figure S7). The decreased lifetime indicated that the fluorescence mechanism 

of the CDs-Rho to Hg2+ could be ascribed to the FRET effect between the CDs and 

Rho. Overall, the ratiometric fluorescence mechanism of the CDs-Rho could be a 

complex involving chelation and FRET. Subsequently, the selectivity of CDs-Rho for 

the Hg2+ over other meatal ions was evaluated. In Fig. 2e, only the addition of Hg2+ 



exhibited a significant fluorescence intensity enhancement at 591 nm and ratiometric 

intensity ratio (I591/I437) while others metal ions exhibited only subtle fluorescence 

changes. These results indicate that the CDs-Rho can detect Hg2+ with high sensitivity 

and excellent selectivity. 

Encouraged by the fluorescent properties of CDs-Rho, we fabricated a fluorescent 

hydrogel for the simultaneous detection and removal of Hg2+. The fluorescent 

hydrogel (CCR) was prepared by the immersion of the CMC hydrogel into a solution 

of CDs-Rho. As expected, the CCR hydrogel exhibited two obvious peaks, providing 

the required potential for sensing applications of Hg2+ (Figure S8). To investigate the 

Hg2+ sensing behavior, the fluorescence spectra of the CCR hydrogel with Hg2+ were 

investigated. As shown in Fig. 2f, the PL intensity of the CCR hydrogel at 438 nm 

decreased with increasing Hg2+ ion concentration (0-400 µM), whereas at 585 nm the 

intensity increased. The fluorescence behavior of CCR hydrogel may be ascribed to 

the FRET effect between CDs and Rho. As shown in Figure S9, the cellulose-based 

hydrogel has no obvious fluorescence emission or fluorescence change with increasing 

concentrations of Hg2+, indicating that the CDs-Rho play a vital role in Hg2+ sensing. In 

addition, the ratiometric ratio intensity (I585/I438) exhibited a good linear relationship 

with Hg2+ over a range from 0 to 400 μM. The detection limit of the CCR hydrogel for 

Hg2+ was calculated to be 6.72 × 10-6 M, which was comparable to recently published 

assays based on cellulose hydrogels (Figure S5f) [46]. This indicated that the CCR 

hydrogel could be a potential sensor with good sensitivity for the recognition of Hg2+. 



Besides, the CCR hydrogel exhibited distinct colors under UV irradiation (Figure S10). 

With increasing Hg2+ concentrations, a significant color enhancement for the CCR 

hydrogel can be observed. In addition, the ratiometric ratio (I585/I438) of the CCR 

hydrogel exhibited a slight decrease after 2 h, indicating excellent stability (Figure S11). 

Compared to the other fluorescent hydrogels, the ratiomatric CCR hydrogel exhibits 

dual emission for the detection of Hg2+, which can effectively improve the detection 

accuracy [47, 48]. In addition, the CCR hydrogel can be used to prepare ratiomatric 

sensors for detection and adsorption of Hg2+ with different shapes as needed. Therefore, 

this strategy provides an excellent alternative strategy for the detection of Hg2+. 

3.3. Adsorption studies of Hg2+ 

 

Fig. 3. Adsorption and mechanistic investigations of CCR hydrogel for Hg2+. (a) the 

removal efficiency and adsorption capacity for Hg2+ at different pH; (b) Adsorption 



capacity for Hg2+ at different times (Insert: Fitting of pseudo-second-order model.); (c) 

Adsorption capacity for Hg2+ with different initial concentrations (Insert: Fitting of 

Langmuir model.); (d) The regeneration performance CCR hydrogel for Hg2+; (e) 

Schematic diagram of the mechanism of CCR hydrogel for adsorption of Hg2+; (f) 

SEM-mapping images of CCR hydrogel after Hg2+ adsorption; (g-i) XPS spectra of Hg 

4f, N 1s, C 1s and O 1s for the CCR hydrogel-Hg2+. 

Then the mercury ion adsorption ability was investigated to evaluate the optimum 

conditions for maximum ion removal from aqueous solutions. Since the pH is a 

significant factor for effective Hg2+ adsorption, the effect of pH on the Hg2+ adsorption 

capacity by CCR hydrogel was thoroughly evaluated over a range of pH from 1.0 to 6.0. 

The adsorption capacity of Hg2+ by the CCR hydrogel increased with increasing pH and 

reached the maximum at pH 5.0 (Fig. 3a). Such behavior can be ascribed to the 

electrostatic interactions between the absorbents and Hg2+ [49]. Since, at low pH, the 

adsorbents become protonated and as such are positively charged, thus reducing the 

adsorption capacity [50]. As such, the best conditions are over a pH range from 5.0 to 

6.0. The effect of contact time on the Hg2+ adsorption ability was also investigated to 

understand the adsorption mechanism. As shown in Fig. 3b, the absorption of Hg2+ onto 

the CCR hydrogel proceeded rapidly initially and subsequently slowed until 

equilibrium was reached after approximately 2 h. Based on these results, kinetic models 

were investigated, including a pseudo-first-order kinetic model and 

pseudo-second-order kinetic model. The kinetic parameters of Hg2+ ions and the linear 



fitting results are shown in Table S1 and Fig. 3b, insert and Figure S12. Clearly, a 

pseudo-second-order model can describe the experimental data with correlation 

coefficient of R2 = 0.998, and good correlation between Qcal and Qexp. The suitability of 

the second order rate equation for the present data indicates that the adsorption 

processes of Hg2+ is primarily controlled by the chemisorption process [51]. 

Moreover, the concentration-dependent adsorption of Hg2+ towards the CCR 

hydrogel was evaluated over wide range of initial ions concentrations. Compared to the 

cellulose-based hydrogel, the CCR exhibited a slightly higher adsorption capacity, 

suggesting that the carbon dots have little effect on the removal of Hg2+ (Figure S13). In 

Fig. 3c, the adsorption capacity of the CCR hydrogel increased with an increase of the 

initial Hg2+ concentration. The Langmuir adsorption and Freundlich adsorption 

isotherm plots of the CCR hydrogel are given in Fig. 3c and Figure S14, respectively. 

Compared to the Freundlich isotherm (R2 = 0.946), the sorption of Hg2+ onto the CCR 

hydrogel fitted the Langmuir model (R2 = 0.998) better, suggesting monolayer Hg2+ 

adsorption (Table S2) [52]. From the fitting parameters based on the Langmuir model, 

the maximum adsorption capacity of the CCR hydrogel was calculated to be 284.9 mg 

g-1. In addition, the calculated RL results are listed in Table S3. It can be seen that the RL 

values of the CCR hydrogel for Hg2+ are considerably smaller than 1.0, indicating the 

CCR hydrogel was favorable for the adsorption of Hg2+ under all the investigated 

conditions. 

The recyclability of the adsorbent and the adsorption capacity towards Hg2+ are 



important for environmental protection. The absorption/desorption cycle experiments 

were carried out by regeneration of the CCR hydrogel through treatment with 1 mol L-1 

HCl solution for 12 h. As shown in Fig. 3d, after five desorption cycles, the Hg2+ ion 

adsorption behavior of the CCR hydrogel did not noticeably change during the repeated 

adsorption-desorption cycles. As such, the adsorption capacity of the CCR hydrogel 

toward Hg2+ is 73.7 mg g-1 after five cycles, which was comparable to the adsorption 

capacity of the original samples. Therefore, the CCR hydrogel exhibits good 

recyclability and can be extensively applied for real applications [53]. 

Fig. 3e presents a schematic representation for the adsorption of Hg2+. Upon 

exposure to Hg2+, the metal ions are trapped by the hydrogels through adsorption. The 

3D net-like structure of the CCR hydrogel provides an ion transportation path, which 

helps the diffusion of Hg2+ from the surface to the bulk. In addition, the abundant 

hydroxyl, carboxyl and amino group in the hydrogel offer a large number of adsorption 

sites to accumulate and adsorb Hg2+ through chelation. SEM mapping, FTIR and XPS 

spectra of the CCR hydrogel after adsorption of Hg2+ (CCR hydrogel-Hg2+) were used 

to verify the adsorption mechanism. The cross-sectional SEM images display 

multilayers of the CCR hydrogel-Hg2+ (Fig. 3f). While for the EDS mapping, Hg was 

uniformly dispersed in the CCR hydrogel layers, which further confirms that the Hg2+ 

ions were adsorbed by the hydrogel layer successfully. For comparison, it can be seen 

that the peak corresponding to the -NH2 (1600 cm-1) symmetric stretching exhibited a 

slight shift and the peak intensity of the C=O (1698 cm-1) decreased, which confirms 



the successful adsorption of Hg2+ by the CCR hydrogel (Figure S15). In the 

high-resolution XPS spectra, CCR hydrogel-Hg2+ exhibited an obvious peak at 101.6 

eV, corresponding to the Hg 4f (Figure S16). The Hg 4f could be dived into two peaks at 

105.3 and 101.6 eV, which was ascribed to the Hg 4f5/2 and Hg 4f7/2 (Fig. 3g) [54]. This 

phenomenon clearly reveals the adsorption of Hg2+ by the CCR hydrogel. In the N 1s, 

the two peaks of the CCR hydrogel-Hg2+ are shifted to 402.1 (-NH
+ 

3 ) and 400.0 eV 

(-NH2/-NH-), implying that the amino group plays a key role in the removal of the Hg2+
 

ions (Fig. 3h) [55]. In addition, a change of the C 1s spectra was observed, the C=O, 

C-N and C-C/C=C were located at 288.9, 286.4 and 284.8 eV (Fig. 3i) [56]. The O 1s 

also exhibited a similar trend, where the peak shifted to 532.4 eV (Fig. 3i). These results 

clearly illustrate that the nitrogen and oxygen-containing functional groups are 

participating in the adsorption of Hg2+ ions. The above investigation clearly 

demonstrates that the CCR hydrogel has great potential for the synergistic detection and 

removal of Hg2+ ions. 

In addition to Hg2+, the CCR hydrogel was used for the removal of other metal ions 

at low and medium concentration (Table S4). For high metal concentrations, the 

removal efficiency is above 49.4% for the three metal ions (Hg2+, Pb2+, Cd2+). 

Remarkably, the hydrogel can efficiently adsorb metal ions from 50/500 µg L-1 

solutions to low-level solutions of less than 10 µg L-1, which is below the minimum 

limits required by industrial water standards. Therefore, the hydrogel can be employed 

for the removal of metal ions in real samples. Moreover, this hydrogel can detect and 



adsorb other metal ions by simply replacing the fluorescent probe. 

3.4. Biocompatibility investigation 

 

Fig. 4. In vivo toxicity evaluation of the purified water. (a) Schematic diagram of 

animal experimental procedure; (b, c) Mouse body weight from day 0 to day 21 in 

different groups (b: male group; c: female group); (d) The hematoxylin and eosin 

(H&E) of liver, kidney and spinal cord in the different groups. 

Inspired by the excellent removal and fluorescence sensing properties of the CCR 

hydrogel for Hg2+, purified water treated with the CCR hydrogel was used to 

investigate the biocompatibility. The cell viability exhibited negligible change when 

using purified water compared with the control, which indicates that the purified 

water exhibits excellent cytocompatibility (Figure S17). As shown in Figure S18, the 

optical microscopic images of neuronal cells cultured with purified water were also 

obtained. Compared to the control, the neuronal cells in the purified water exhibited a 

similar cell density after the first day. Moreover, it was observed that the cells were 

closely packed in the purified water and the control group after culturing for five days, 

revealing the non-toxicity of the purified water. Subsequently, the purified water was 



used for fighting fish breeding (Figure S19). During this experiment, 1/3 of water in 

the fish tank was exchanged with purified water every three days in order to provide 

enough fresh oxygen to keep fish alive. It was observed that the fighting fish exhibited 

great vitality after addition of the purified water for 7 days and even after prolonged 

addition. Additionally, no other abnormalities were observed during the addition period. 

Significantly, these results indicate that the purified water is not cytotoxic. To further 

confirm the biocompatibility, the purified water was evaluated in mice (Fig. 4a). The 

body weight change of mice is a key factor in evaluating the toxicity of purified water 

in the mice. Notably, the mice with mercury chloride exhibit a weak physique, unkempt 

fur and listless spirits, indicating mercury poisoning. However, in the control and 

purified water group the mice exhibited no signs of distress (Figure S20). In Fig. 4b, c, 

there was an obvious decrease in body weight for both of male and female mice after 

feeding with mercury chloride. The mice fed with purified water exhibited a constant 

body weight compared with the mice fed with SPSS. These data indicated that the 

treated wastewater is non-toxic for the animals. On day 21, the mice were sacrificed 

and their tissues were cut for histological staining (Fig. 4d). The stained liver, kidney 

and spinal cord tissues of SPSS and purified water treated mice exhibited no obvious 

pathological changes and necrosis. The tissues of mice treated with SPSS and purified 

water exhibited a regular structure and intact cells. However, the tissues of mice treated 

with mercury were found to exhibit inflammatory cell infiltration and hemorrhages. 

The observation suggested that high levels of mercury ions can cause tissue and cell 



damage and severely affect the life of mice. The in vivo assay with purified water 

suggests that it has no effect on the body weight and histopathology of the mice, 

confirming that the purified water is safe for organisms. The excellent biocompatible 

properties of the CCR hydrogel indicate it has great potential in biomedical and 

environmental applications. 

4. Conclusions 

In summary, a novel ratiometric nanosensor was fabricated by coupling CDs and 

Rho using an amide bond. The prepared CDs-Rho exhibited excellent sensitivity, 

selectivity and rapid response towards Hg2+ via FRET. Moreover, the ratiometric 

fluorescence intensity exhibited a linear response towards Hg2+
 over a range from 0 to 

100 M with a detection limit of 2.19 × 10-9 M, meeting the WHO standards for 

industrial wastewater. A series of fluorescent hydrogel slices containing CDs-Rho 

exhibiting high sensing performance were prepared using continuous microtomy. The 

CCR hydrogel exhibited good sensing and excellent removal of mercury ions from 

solutions. Additionally, the CCR hydrogels could be recycled for five consecutive 

cycles and maintained high adsorption efficiency. Furthermore, the biological 

performance indicated that purified water obtained using the CCR hydrogel exhibited 

excellent biocompatibility. We anticipate that our hydrogel sensor approach represents 

a practical method to develop systems able to detect and adsorb various metal ions 

and provide practical applications for environmental protection. 
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